ABSTRACT The proton-translocating subunit of wheat chloroplast ATP synthase is encoded by a chloroplast gene that has been accurately mapped and whose nucleotide sequence has been determined. The predicted sequence of 81 amino acids has been confirmed in part by determination of the sequence of the first 40 amino acids from the NH2 terminus of the protein, and it shows 100% homology with the known amino acid sequence of the spinach protein but no more than 35% homology with the amino acid sequences of bacterial and mitochondrial proteins. The gene shows no deviation from the "universal" genetic code and is not split. A potential ribosome binding site is located 12 nucleotides upstream from the initiation codon, but sequences homologous to prokaryotic promotors and transcription terminators are not apparent.
Chloroplasts, mitochondria, and bacteria contain a membranepolypeptide complex that is capable of synthesizing ATP coupled to proton translocation across the membrane. The structure of the ATP synthase complex from all these sources is similar, being composed of a peripheral component (CF1, F1, and BF1, respectively), showing latent ATPase activity, and an intrinsic membrane component (CFO, FO, and BFO) that translocates protons across the membrane (see refs. 1-3 for reviews). This translocation, and consequent ATP synthesis, is inhibited in all cases by dicyclohexylcarbodiimide (DCCD), a lipid-soluble compound that binds covalently to an 8-kilodalton (kDal) polypeptide of the membrane component. This low molecular weight polypeptide is highly hydrophobic and therefore is sometimes called the DCCD-binding proteolipid (see ref. 4 for a review). Isolation of this polypeptide from chloroplasts and its incorporation into liposomes have been used to demonstrate its proton-translocating activity (5) , although at least in Escherichia coli other polypeptides may also be involved (6) .
The similarity of the size and function of this polypeptide in chloroplasts, mitochondria, and bacteria strongly suggests a common evolutionary origin. The location of the gene for this polypeptide is therefore a matter of considerable evolutionary interest. In Neurospora, the mitochondrial polypeptide is encoded by a nuclear gene (7) , whereas in Saccharomyces the gene is located in the mitochondrial genome (8) and is transcribed and translated by the organellar protein synthetic apparatus (9) . The chloroplast polypeptide has been shown to be synthesized by isolated pea chloroplasts (10) . This suggested that the coding sequence may be located within the organelle.
Using a cell-free transcription-translation system programmed with wheat chloroplast DNA, we have found that the gene for the proton-translocating subunit is indeed located in chloroplast DNA. The gene has been accurately mapped on the circular chloroplast chromosome and its nucleotide sequence has been determined, allowing comparisons with the sequences of the genes for the corresponding mitochondrial and bacterial polypeptides.
MATERIALS AND METHODS
Chemicals. Restriction endonucleases and M13 strains mp7, mp8, and mp9 were obtained from Bethesda Research Laboratories (Cambridge, U.K.) and the enzymes were used according to the manufacturer's instructions. L-[35S]Methionine (13 mCi/ml; 1,300 Ci/mmol; 1 Ci = 3.7 X 101°becquerels) was purchased from Amersham. DCCD was obtained from BDH, calf intestinal phosphatase was from Boehringer Mannheim, and Quadrol was from Fluka.
In Vitro Transcription-Translation of DNA and Immunoprecipitation. Intact plasmid DNA (2 jig) or restriction fragments prepared as described (11) were incubated in an E. coli cell-free transcription-translation system with 3 ,ul of L-
[35S]methionine in a total volume of 50 k1., as described (11).
A 2-,ul sample was taken for analysis of the total products and the remainder was analyzed with a preimmune serum and then with antibodies raised against pea DCCD-binding proteolipid (10) as described by Sebald et al (12) . Protein A-Sepharose was used to precipitate antibodies, and polypeptides were analyzed by electrophoresis in 10-20% gradient polyacrylamide gels in the presence of NaDodSO4 (13) and fluorography. The effect of DCCD on the mobility of the immunoprecipitated polypeptide in NaDodSO4/polyacrylamide gels was shown by incubation of the products of transcription and translation with 2 ,ul of 5 mM DCCD in ethanol for 16 hr at 25°C prior to immunoprecipitation. DNA Sequence Determination. Restriction fragments from plasmid DNA were isolated from polyacrylamide or agarose gels by the method of Dretzen et al. (14) . EcoRI-Pst I fragments were cloned into M13 strains mp8 and mp9 by using the EcoRI and Pst I sites of those strains. Other fragments were cloned into M13 strain mp7 by using the HincII sites. When necessary, fragments having "staggered" ends were rendered "flush" as described by Sanger et al. (15) . Cloning and production ofsinglestranded DNA was essentially as described by Sanger et al. except that the digested mp7 replicative form DNA was treated with calfintestinal phosphatase according to the manufacturer's instructions, to prevent self-ligation, and it was not necessary to use linkers. Sequence determination was carried out as described by Sanger (19) .
The DCCD-binding protein was treated with 1 M hydrochloric acid in methanol (20) for 25 min at 50-550C in the reaction cup in order to remove a putative formyl group at the amino terminus. Fluorescamine was used to decrease the background contamination (21) when proline residues 24 and 43 were exposed.
RESULTS AND DISCUSSION Localization of the Gene for the Proton-Translocating Subunit. The chloroplast DNA of wheat (Triticum aestivum cv. Mardler) has been mapped with the restriction endonucleases Pst I and SalGI, and a large part of the DNA has been cloned as Pst I, SalGI, or BamHI fragments inserted into the corresponding sites of the vector pBR322 (22) . Hybrid plasmid DNA was used to program a cell-free coupled transcription-translation system from E. coli. The [3S]methionine-labeled products were analyzed by immunoprecipitation with monospecific antibodies (raised in rabbits against the pea proteolipid) and protein A-Sepharose, followed by gradient NaDodSO4/polyacrylamide gel electrophoresis and detection by fluorography. Two plasmids were found that directed the synthesis of an 8-kDal polypeptide immunoprecipitable with the antibodies. Digestion of the plasmid DNA with BamHI showed that both contained a 7.0-kilobase-pair (kbp) fragment of wheat chloroplast DNA, the fifth largest produced on digestion with BamHI, previously designated B5. One plasmid, pTac60, was selected for further study.
To confirm the identity of the polypeptide, the products of transcription-translation ofpTac60 were incubated with DCCD for 16 hr at 25°C. The binding of DCCD under these conditions has been shown to cause a significant decrease in the mobility of the proton-translocating subunit on NaDodSO4/polyacrylamide gel electrophoresis (10) , and this was also found for the immunoprecipitated transcription-translation product of pTac6O (Fig. 1) . The mobility of the untreated immunoprecipitated polypeptide was the same as that of authentic wheat DCCDbinding proteolipid (data not shown), showing that the polypeptide was not synthesized as a higher molecular weight form in this system. This contrasts with cytochromefand the 32-kDal "photogene" product, both membrane polypeptides that appear to be synthesized as higher molecular weight precursors prior to insertion in the thylakoid membrane (23) (24) (25) .
To locate the position of the gene more accurately, pTac6O DNA was digested to completion with a number of restriction enzymes and the linear fragments were used to program the E. coli cell-free transcription-translation system. The efficiency of this linear DNA as a template in this system was about 50% of that of undigested DNA between the third and fourth largest fragments P3 and P4 (22) , and thus allows precise localization of the gene. This is shown in Fig. 2 , together with the positions of genes for the large subunit ofribulosebisphosphate carboxylase and those for the ,B and E subunits of ATP synthase (11, 22) . The separation of the DCCD-binding proteolipid gene from these two other ATP synthase genes contrasts sharply with the organization of the genes in E. coli, in which the genes for all the subunits of ATP synthase are arranged in a single operon (26, 27) . In yeast mitochondria, the gene for the proton-translocating subunit (ATPase subunit IX) is also located some distance from the only other ATP synthase subunit gene (ATPase subunit VI) encoded by mitochondrial DNA (28) .
Determination ofNucleotide Sequence. This was carried out by the dideoxy chain termination method of Sanger et al. (15) with the fragments indicated in Fig. 3 . The nucleotide sequence and predicted amino acid sequence of the gene are shown in Fig. 4 . The first 40 predicted amino acid residues have been verified by protein sequence analysis, although it was not possible by this means to differentiate unambiguously between glutamate and glutamine at amino acid positions 28 and 34. The amino terminus of the protein is blocked, probably by formylation, because treatment with 1 M HC1 in methanol for 1 hr at 50-55°C, which is known to deformylate amino groups, resulted in partial unblocking ofit. The presence ofaformyl group on the amino-terminal methionine is typical ofprokaryotic protein synthesis and also confirms the assertion above that the polypeptide is not synthesized as a larger precursor.
Comparison of the amino acid sequence with that published for the spinach DCCD-binding proteolipid (29) shows the striking fact that they are identical over the entire 81 amino acids of the protein. The corresponding spinach nucleotide sequence is not known, so it is not possible to say whether "silent" nucleotide changes have occurred between the two species. The homology is even greater than the 90% homology found between the predicted amino acid sequences of the maize and spinach ribulosebisphosphate carboxylase large subunit polypeptides (30) . In contrast, there is only 20-30% homology between the wheat or spinach amino acid sequence and those of Neurospora crassa, Saccharomyces cerevisiae, and bovine mitochondrial subunits (which show only 50-60% homology with one another). There is also only 25-35% homology to the corresponding proteins from E. coli or the thermophilic bacterium PS-3 (29) .
Aligning the nucleotide sequences in such a way as to maximize amino acid homologies (29) indicates that the wheat chloroplast nucleotide sequence is 45% homologous to the E. coli sequence and 41% homologous to the yeast mitochondrial one. As might be expected, the homology is greater in those regions of the protein where the amino acid sequence is more conserved. The homology in the third codon position in both com- parisons is less than the average homology (39% for yeast and 25% for E. coli) as would be expected if some selection for conservation of amino acid sequence were acting. The fact that the Proc. Natl. Acad. Sci. USA 79 (1982) wheat sequence is more similar to the yeast sequence in the third position but is closer to E. coli in the first and second positions may be accounted for by a tendency for organelle genomes to acquire adenine or thymidine residues in nonconserved positions (see below). It will be interesting to determine if other plants have chloroplast genes for this polypeptide and whether some or all show the exceptionally high conservation of amino acid sequence we have observed between wheat and spinach. This will be particularly interesting for species such as pea and Vicia, whose chloroplast DNA has been extensively rearranged in comparison with that of wheat (31, 32) .
Translation of the wheat chloroplast gene starts at AUG and terminates at a single UAA stop codon. This is also the case with the maize chloroplast gene for the large subunit of ribulosebisphosphate carboxylase (33) , whereas the spinach LS gene starts with AUG and terminates with UAG (30) . A potential ribosome binding site, formed by the overlapping sequences -G-A-G-Gor -A-G-G-A-, is located 12 nucleotides upstream from the start of translation. These tetranucleotides are complementary to a sequence at the 3' end of 16S rRNA of maize (34) and tobacco (35) , presumably allowing association of the ribosome with the message prior to translation (36) . A corresponding sequence is also found close to the initiation codon in the E. coli proteolipid gene (37) but not in the mitochondrial one (8) .
The chloroplast gene, like the mitochondrial (8) and bacterial (37, 38) genes, is not split, and there is no evidence of any deviation from the universal genetic code. This is not surprising in view of the efficiency of chloroplast DNA as a template for transcription and translation by E. coli both in vivo (39) and in vitro (40) . Not all codons are used, however, because there is a marked preference for adenine or thymidine in the third position of the codon (Fig. 5) . Some 82% of codons have adenine or thymidine in the third position, compared with 82% in the yeast mitochondrial gene (8) but only 41% in the E. coli gene (37, 38) . Other chloroplast genes (LS from maize and spinach) also show a high A+T preference in the third position (68% and 71%, respectively). This A+T richness is also found in the flanking regions of both the chloroplast and mitochondrial (8) the E. coli gene (37) . Therefore there would seem to be a strong tendency in organelle DNA for the acquisition of adenine and thymidine residues in nonconserved positions.
Although there are several sequences upstream from the coding sequence that show some similarity to parts of the prokaryotic promotor, there is no clear homology with both the Pribnow box and the -35 sequence (41) . A similar difficulty in distinguishing a promotor region has been reported for the maize LS gene (33) , although sequences homologous to prokaryotic promotors precede the genes for the spinach LS (30), tobacco 16S rRNA (42) , and some tRNA genes (43) . Prokaryotic genes also typically show a sequence close to the point of termination of transcription which is capable of forming a stem-and-loop structure (41) . Such sequences have been found in the maize (33) and spinach (40) large subunit genes, but none is present at the 3' end of the chloroplast proteolipid gene. This suggests either that the chloroplast proteolipid gene uses transcription initiation and termination signals that are different from those observed to date or, alternatively, that the gene is part of a much larger transcript and would therefore not necessarily show adjacent promotor or terminator sequences. The latter is supported by preliminary hybridization analysis (unpublished data) with nick-translated pTac6O DNA, which suggests that transcripts of the proteolipid gene ofa similar size to the gene itself are not found in wheat chloroplasts.
